Conclusions: Community based health delivery platforms may be a highly effective way to reduce neonatal mortality in urban areas of low and middle income countries, even when access to general health services is almost universal.
Introduction
Neonatal health continues to be a primary concern for policy makers in low-and middle income countries, with the millennium development goal maternal mortality targets being missed in many countries (Walker, Yenokyan, Friberg, & Bryce, 2013) , and close to 3 million neonatal deaths every year (Bhutta et al., 2014; Oestergaard et al., 2011) . One increasingly considered strategy to reduce neonatal mortality is community-based home visiting programs, which have been shown to lead to reductions in infant mortality of up to 40% (Baqui et al., 2009; Bhutta et al., 2011; Lassi, Haider, & Bhutta, 2010) . Relatively little is known regarding the effectiveness of community-based home-visiting programs outside of South-East Asia, and in particular in settings where access to health services is common and affordable for poor populations as it is generally the case in urban areas of middle income countries. Brazil's current transition from a center to a home based primary care system offers an ideal setting to directly assess the effectiveness of communitybased models.
First proposed in 1991 and created in 1994, Brazil's Family Health Strategy (FHS) (programa de saúde da família) was initially deployed in small municipalities and became one of the primary health care strategies pursued by the Ministry of Health in 2000 (Sampaio, Mendonça, & Lermen, 2012) . The FHS is intensive from a human resource and financial perspective. Under the FHS, areas comprising populations of 3000-4500 people are assigned to and supported by a family health team. Each family health team consists of six community health workers (CHWs), one nurse, two nurse assistants and one general practitioner. Households under the FHS receive a monthly visit by a CHW, who refers members to local health centers whenever needed. During their visits, CHWs are charged with monitoring a range of health conditions including pregnancy, hypertension, diabetes, and communicable diseases such as dengue, tuberculosis and leprosy. For pregnant women, Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/ssmph
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CHWs monitor and encourage pre-natal care attendance, and visit mothers at home within the first few days after their hospital release post-delivery (Aquino, de Oliveira, & Barreto, 2009) . This is different from the model traditionally used in Brazil, which primarily relies on patient initiative and offers targeted programs only to special populations based on epidemiological patterns of disease, vulnerability or risk (Morosini & Corbo, 2007) .
Both under the FHS and the traditional model, a wide range of services are available at primary health care centers and public hospitals. Each primary health care zone (primary health care unit coverage area) provides basic services for a population of 20,000-40,000 individuals. Under the FHS, each zone is divided into multiple FHS teams, with each community agent responsible for approximately 150 households (Macinko & Harris, 2015) . Brazil's traditional public health care model also offers comprehensive pediatric services, with appointments routinely scheduled one week after birth, and then at 1, 2, 4, 6, 9 and 12 months of age (Ministério da Saúde, 2008) . The main difference of the FHS model is that it allows for home-based detection of health problems, as well as home-based support and promotion of access to publicly available services that are often not used due to lack of awareness, lack of time or lack of resources (Bassani, Surkan, & Olinto, 2009; Goldbaum, Gianini, Novaes, & Cesar, 2005) , with large resulting differences in birth outcomes across socioeconomic groups (Macinko, de Fátima Marinho de Souza, Guanais, & da Silva Simões, 2007; Vettore, Gama, Lamarca, Schilithz, & Leal, 2010) . Due to large social inequities and the high concentration of specialized health services, scaling up of the FHS model has been slow in São Paulo as well as other (and in particular urban) part of Brazil, resulting in a highly heterogeneous primary care systems within relatively close and highly similar geographic and socioeconomic strata (d'Avila Viana, Rocha, Elias, Ibanez, & Bousquat, 2008) . At the national level, partial FHS coverage has been achieved in over 95% of all municipalities, with an estimated 62% of the total population covered by the program in 2014 (Departamento de Atenção Básica, 2015; Macinko & Harris, 2015) .
While several recent studies have shown positive correlations between FHS coverage at the population level and child health outcomes (Brandao, Gianini, Novaes, & Goldbaum, 2011; Macinko et al., 2007; Rasella, Aquino, & Barreto, 2010a , 2010b Reis, 2014; Rocha & Soares, 2010) , the existing literature primarily relies on comparing changes in health outcomes across administrative areas or changes in outcomes within administrative areas over time using panel models. Most of this work builds on the assumption that the rollout and scaling up of the FHS is random, and that population level associations in this setting are representative of the associations between health outcomes and FHS exposure at the individual level, which is not obvious in this setting.
In this paper, we analyze the program in the smaller and more tightly controlled region of São Paulo municipality, where the timing of FHS rollout for each neighborhood was centrally determined based on an initial needs assessment.
Methods

Study setting
The study was conducted in the Butantã-Jaguaré (BJ) region, which is located in the Western Region of São Paulo (see Supplemental Material Figure S1 ). The area has an estimated population of approximately 380,000, which corresponds to about 3% of the total São Paulo municipality population. São Paulo had an estimated infant mortality rate of 11.49 per 1000 in 2012, substantially below the Brazilian national average of 17 (Ministry of Health of Brazil, 2014) . The six administrative districts in the Butantã-Jaguaré region are slightly above the SP average in terms of socioeconomic status as well as child health outcomes, with infant mortality rates varying 
Study population
The study population comprised all infants born at the University Hospital between April 1, 2003 (when electronic records were introduced) and November 30, 2012. The University Hospital (HU-USP) is the main public general hospital of the Butantã-Jaguaré region, covering 82% of the births by women covered exclusively by the public national health system (SUS) and about 40% of all births in the region in 2012 (Prefeitura de SP Saúde, 2012).
Hospital birth records
We retrieved detailed electronic records for all deliveries from the hospital's electronic system, including gestational length, birth weight, delivery mode, APGAR scores and survival status at birth. Births were classified as low birth weight if birth weight was less than 2500 g. Births were classified as pre-term if the estimated gestational length was less than 37 weeks.
Child mortality outcomes
Death records from all children born in Sao Paulo between 2003 and 2012 were obtained from the national vital registration system as well as the Municipality's mortality information improvement program (PROAIM). According to the district health' offices internal estimates, these systems capture over 99% of all child deaths (excluding stillbirths) in São Paulo. All records of child deaths among children born in São Paulo Municipality between 2003 and 2012 were extracted, and matched to the births recorded in the hospital's electronic data system based on children's birth date and the child's name. Given the name-based matching, it is possible that some cases were not matched. This could lead to a potential underestimation of overall child mortality levels in our sample, but should not bias our estimation results as long as mismatching occurred systematically which seems rather unlikely. As defined by the PROAIM, we classify neonatal deaths as those that occurred between 0 and 27 days of life; early neonatal death as those occurring between 0 and 6 days and late neonatal as deaths between 7 and 27 days. Deaths occurring between 28 and 364 days of life were classified as post neonatal deaths.
Determining FHS eligibility
To determine whether a birth was covered by the FHS program, mothers' residential addresses were retrieved from the University Hospital's electronic system and geocoded. Geocoded addresses were then cross-referenced against period-specific FHS coverage maps provided by the health district office (Secretaria Municipal de Saúde). In the study area, FHS coverage was gradually scaled up in the region between 2001 and 2012 (see Supplemental Information Figures S2 and S3 for details), reaching about 40% the study population by 2012. Births were considered as eligible for FHS if the mother's home address at the time the child was conceived fell within an area covered by operational FHS teams.
Statistical analysis and empirical strategy
The first section of the empirical analysis provides a description of the FHS rollout over time, as well as a detailed breakdown of the mortality burden in the area. The Butantã-Jaguaré area currently comprises 16 health primary care coverage zones, with active FHS teams covering only selected neighborhoods within 7 selected health zones. Given that public funding for the program was very limited and only gradually increased over time, FHS teams were deployed only to specifically selected areas, with priority given to neighborhoods classified as most vulnerable based on the most recent census data. With limited budget resources, the area with the highest vulnerability index was first chosen for the program, and then more areas gradually added as additional funding became available. While the vulnerability index was primarily based on income and infrastructure, it is possible that more vulnerable areas also had higher initial mortality. To test whether such differences existed prior to the program, we start our analysis by comparing birth and mortality outcomes of FHS and non-FHS areas prior to the actual rollout of the program.
To assess the impact of the FHS model we estimate multivariate logistic models, which explore variations in FHS coverage conditional on area and birth cohort fixed effects. The model estimated can be described as follows:
where y ijt is the outcome of interest for child i born in area j and year t, FHS is an indicator for whether the area was covered by a FHS team when the child was conceived, X is a vector of maternal characteristics, and I j ; I t are catchment area (primary health care center) and year fixed effects. In the empirical model, the year fixed effect I t capture both generic time trends and temporal mortality shocks at the regional level. The area fixed effects I j capture all time-indifferent variations in local socioeconomic characteristics, health and health care access at the level of the primary health unit. Each observation in our sample corresponds to a birth recorded at Sao Paulo University Hospital between 2003 and 2012. FHS treatment is assigned based on children's residence and the month of the child's birth. The assignment of FHS teams is generally done within catchment areas of a given primary health care facility, so that only a certain percentage of mothers from each catchment area benefits from the program. The primary outcome of our analysis is child mortality. However, given the explicit focus of the FHS on prenatal care, we also analyze the following pregnancy outcomes: low birth weight, preterm birth, small for gestational age, stillbirth and Cesarean delivery. Recent reviews suggest that the likelihood of the first four negative outcomes should be reduced through appropriate antenatal care in general (Dowswell et al., 2010) and micronutrient supplementation in particular (Haider & Bhutta, 2015) ; the same should hold true for cesareans to the extent that they are used to resolve delivery complications.
Given that residuals are likely to display non-zero within-group correlations despite the regional fixed effects (Bertrand, Duflo, & Mullainathan, 2004) , all standard errors were clustered at the catchment area (primary health care unit) level.
To test the validity of the estimated results, several robustness checks were implemented: first, general associations between FHS areas (pre-activation of the program) and health outcomes were estimated as a basic placebo test. If it is true that areas selected for FHS were receiving other programs or experiencing different trends, we should detect statistically significant outcome differences prior the program rollout. Second, separate regressions were run on restricted subsamples to minimize the risk of results being driven by specific target areas only. Last, we also show specific cause of death and year specific differences in mortality risk.
All statistical analysis was performed using the Stata© 12 statistical software package.
Ethical clearance was obtained from the University of São Paulo's Institutional Review Board.
Results
A total of 27,947 births to mothers residing within the Butantã-Jaguaré area were recorded, the fraction of births from FHS target areas gradually increased over time, with about one third of births covered by the FHS program in 2012. Table 1 shows average sample characteristics for areas currently not under the FHS programs, as well as FHS areas prior to program rollout. We do not find any statistically significant differences in health outcomes between FHS and non-FHS areas prior to the program launch. On average, stillbirth rates appear slightly lower in FHS areas, while post-neonatal rates appear highernone of the differences are statistically significant. Some minor differences were found for age structure and the use of Cesarean sections, with mothers from non-FHS areas on average slightly younger, and slightly less likely to use Cesareans.. In general, the prevalence of cesarean sections is rather high, with more than 40% of women over 30 delivering by cesarean section.
Mortality results
A total of 30,783 deaths among children born in São Paulo between 2003 and 2012 were extracted from the municipality mortality database. 250 mortality records were matched to children born at the University Hospital; 46 of the death records pertained to children born to women outside of the Butantã-Jaguaré region, who were excluded from the analysis due to lacking information on FHS coverage. In terms of mortality, 120 out of 204 cases (58.9%) of all deaths occurred in the first 28 days of life; the most common causes of death were neonatal infections, followed by congenital anomalies, and prematurity. FHS impact on birth outcomes and child mortality Table 2 shows the main results from the logistic regression model.. No statistically significant associations were found between FHS coverage and preterm birth, low birth weight or stillbirth; FHS access was associated with an increase in the use of cesarean sections (OR 1.16, 95% CI 1.05-1.29). Maternal age below 20 was associated with an increased risk of low birth weight, preterm birth and stillbirth, as well as a lower likelihood of cesarean section. Increased risk of low birth weight, preterm birth and small for gestational age were also observed for mothers over 40, who were also substantially more likely to deliver via cesarean section (OR 1.91, 95% CI 1.57-2.33) and to experience stillbirths (OR 3.85, 95% CI 1.74-8.53) compared to women aged 20-34. Table 3 shows the results for child mortality, which suggest large protective results for FHS exposure overall, with an estimated odds ratio of 0.56 for child mortality (95% CI 0.34-0.91), and an even smaller (but not statistically significant) odds ratio of 0.39 for neonatal deaths (95% CI 0.13-1.21). Given that virtually all mothers stay in the hospital the first two days after delivery, we show separate results for the first 48 hours and the remaining neonatal period -the estimated results suggest a reduction of 82% in the odds of mortality in this period (OR 0.18, 95% CI 0.04, 0.79). Smaller and non-significant effects were found for the postneonatal period.
Remarkably large increases in child mortality risks were also found for young teenage motherhood; compared to the reference group of maternal age 20-34, maternal age o15 was associated with a six fold increase in the odds of child death (OR 6.33, 95% CI 3.67, 10.92), while maternal age 15-19 was associated with a 48% increase in child mortality (OR 1.48, 95% CI 1.03, 2.12). Fig. 1 shows the estimated reductions in the odds of child death by cause of death; access to FHS appears to reduce the risk of mortality from all causes; the small number of deaths in each category however contributes to none of the estimated associations being statistically significant (or statistically different from each other). Table 4 shows a series of multivariate robustness checks for the main mortality result. In column (1) of Table 4 we show the results of our placebo test and investigate whether areas selected for FHS had better child mortality outcomes prior to the program starts. Consistent with the patterns shown in Table 1 , no pre-intervention differences in health outcomes were found.. Columns (2)-(5) show child mortality estimates for restricted subsamples: column (2) shows the results when areas where the FHS program was initiated prior to the first available data in the sample are excluded; column (3) shows results for a subsample where areas starting the FHS program after 2010 are excluded; column (4) shows results for a subsample excluding the first two years of records, and column (5) shows results excluding the most recent. Across all specifications, the estimated OR on FHS coverage remains constant in the 0.50-0.65 range, with slightly varying degrees of statistical significance.
In Supplemental Information Figure S4 we show the estimated mortality differential for each birth cohort separately. With the exception of 2005, mortality rates are consistently lower in FHS areas, with an average mortality gap of approximately 4 deaths per 1000 live births; the only year where this estimated difference is statistically significant is 2010. 
Discussion
The results presented in this paper suggest that access to FHS teams is associated with rather large reductions in child mortality, with particularly large reductions in the neonatal period. The estimated effect sizes appear large. In a previous FHS evaluation at the municipality level, Aquino et al. (2009) found a 14% reduction in the risk of infant mortality in areas with low initial mortality, which is less than half the reduction we found in our analysis. In theory, one would have expected FHS to improve both prenatal and postnatal care. Empirically, we do not find any differences in any of the birth outcomes, which suggests that the either prenatal care did not improve, or that any improvements in prenatal care did not result in improved birth outcomes. One possible explanation for the low or lacking associations with birth outcomes is the generally high degree of service utilization in the prenatal period across both health care models. The average number of pre-natal consultations in both FHS and non-FHS areas in São Paulo is around seven, which means that improvements in prenatal care -one of the main objectives of the FHS (Aquino et al., 2009 )-are relatively hard to achieve.
More generally, it seems important to highlight that the setting studied is likely not representative of many other developing country settings in terms of the structural barriers to health service access. In the densely populated urban areas of Sao Paulo average distances to facilities are relatively small (and transport available), while the vast majority of health services is provided free of charge in public facilities. Given this, the main mechanism through which community-based programs can improve health outcomes is not the provision of Notes: Column (1) shows the results from a placebo regression where we regress child mortality on FHS areas prior to program rollout. Columns (2)- (5) repeat the main child mortality specification displayed in column (1) of standard care, but rather the active outreach to population and early detection of potentially critical health conditions. In terms of mortality, the main impact of the FHS appears to occur in the neonatal period, i.e. after the mother's release from the hospital. In many respects, this is the period where the FHS model differs most from the traditional model: according to FHS guidelines, each mother is supposed to receive a home visit by a CHW as well as a nurse within the first few days after hospital release, as well as a follow-up visit to monitor growth within 14 days (Macinko & Harris, 2015) . While the data available for this analysis do not allow us to test directly whether these visits explain the observed mortality differences, the observed mortality reductions are consistent in magnitude with the results of a recent trail in Pakistan, which used community health workers for both pre-and postnatal care (Bhutta et al., 2011) . Given that the FHS does not seem to have affect antenatal care or birth outcomes, and given that all children in our sample were born at the same hospital, postnatal home visits seem by far the most likely causal mechanism underlying the main results observed.
Compared to the existing literature, the analysis presented has two major strengths: first, by working with individual (child-) level data, we can directly link child health outcomes to FHS treatment, rather than comparing average population level outcomes. All of the existing literature uses ecological designs, comparing average health outcomes at the municipality or district level to average FHS coverage at the same administrative level. These estimates are potentially subject to ecological fallacy, and may not represent true causal impact of the treatment of interest (Macinko et al., 2011; Rasella, Harhay, Pamponet, Aquino, & Barreto, 2014; Rothman, Greenland, & Lash, 2008) . Second, by zooming in on one relatively small area in Sao Paulo, we can exclude differences in general health system access or delivery practices, since all children were born at the same hospital. While the selection of specific neighborhoods for the FHS was not random, the rollout of the program was centrally determined by the municipality based on perceived poverty. As we have shown in this paper, the areas selected for the program did not differ from other areas with respect to child mortality prior to the program, which means that confounding through differential pre-trends can be excluded. While it is possible that other health or welfare programs were started in the area over the sample period, none of these programs were -at least to our knowledge-rationed or targeted in ways overlapping with the ESF rollout, which makes time-variant confounding very unlikely as well in our setting. The same is rather unlikely at the municipality level, where it seems possible that municipalities more effective in scaling up ESF may also be more effective in improving other health services or scaling up other government programs over time. Previous studies have tried to overcome this challenge through instrumental variable estimation (Macinko et al., 2010) or dynamic panel modeling (Macinko et al., 2011) ; we believe that neither approach is necessary in our setting due to the centrally planned rollout of the program.
The analysis presented in this paper also has limitations. First the data available do not allow us to directly assess whether mothers actually used FHS services. The intention-to-treat analysis presented is based on de-jure access to FHS services, without using data on actual use PSF-mother-interactions. The latest estimates from FHS enrollment data within the western region suggest that about 95% of households who are offered FHS services enroll (de Sá, Rebelo, Brentani, Grisi, & Gutierrez, 2012) . Enrollees should thus have, but may not have, received the routine visits that are part of the PSF; this means that the true benefits on the actually treated could in theory be larger than the results presented in this study. On the other hand, it is also possible that women not satisfied with FHS services in the area could have chosen another hospital for delivery, which would bias the results in the opposite direction. According to the latest estimates, more than 80% of all women covered under SUS have consistently delivered at the hospital over the study period, so that large selection effects seem unlikely overall (Prefeitura de SP Saúde, 2012) .
A second concern related to the empirical approach chosen is that some mortality cases may not have been captured in the vital registration system or may not have been correctly linked to the hospital database. All available data suggests that vital registrations are close to complete at the municipality level; the mortality levels observed at the regional level seem overall highly consistent with the government estimates for the six districts covered. Bias generated by omitted mortality cases seems unlikely overall; even if some mortality cases were missed due to lacking reporting, estimation bias should not occur as long as reporting issues are not related to FHS targeting, which seems reasonable to believe.
A third limitation of the study is that the hospital system does not register socioeconomic status of patients, which may raise concerns that the results presented may reflect differences in socioeconomic status of mothers, or differential socioeconomic trends over time. Given that all empirical models include health and FHS zone fixed effects, the risk of cross-sectional confounding seems small; as the robustness checks presented show, pre-FHS differences in mortality are small and non-significant, and it seems unlikely that FHS neighborhoods would have experienced differential trends in socioeconomic factors over the relatively short project period. Last, the effects observed in this sample may not necessarily extend to the larger Sao Paulo population. The University Hospital primarily attracts the poorer segments of the population covered by SUS, while better off women (with private health insurance) deliver at private hospitals. It seems likely that the FHS may have a smaller impact on better-off populations. It is also rather likely that the University hospital offers substantially higher quality of care compared to other facilities in Brazil (Dowswell et al., 2010) , which may attenuate the child health outcome differences generated by the FHS.
Overall, the results presented in this paper suggest a rather strong association between FHS coverage and child survival; further research will be needed to corroborate this finding and to more closely identify the causal mechanisms through which models like the FHS can improve neonatal survival rates.
Conclusion
The results presented in this paper suggest that post-natal home visiting programs such as the ones implemented as part of Brazil's family health strategy may be a highly effective way to reduce neonatal mortality in urban areas with access to comprehensive health services.
Key messages
Brazil is currently transitioning from a health-center-based to a community-based model We find that neighborhoods selected for the Family Health Strategy (FHS) program experienced large reductions in mortality in the neonatal period.
The results presented in this paper suggest that the FHS and similarly designed programs may be a highly effective way to reduce neonatal mortality in urban areas with high access to health care.
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